show that about 1.5 million people have been exposed to site-specific contaminants. At 10% or more of the sites that had either completed or potentially completed exposure pathways, 56 substances were identified. Of these, 19 are either known or anticipated human carcinogens, and 9 are associated with reproductive or endocrine-disrupting effects. In this paper we present important concerns regarding hazardous waste sites including the impact on human health, ecology, and quality of life. To address such human-health related issues, the ATSDR has established a mixtures program that consists of three components: trend analysis to identify combinations of chemicals of concern, experimental studies to identify data that would be useful in the development and implementation of predictive decision support methodologies, and development of assessment methodologies and guidance to provide health assessors with the tools to incorporate the evaluation of multiple-chemical exposure into site assessments.
chemicals at environmental levels. In sharp contrast to the controlled conditions of laboratory investigations, humans are typically exposed to such chemicals through means that vary widely. A typical laboratory study involves the controlled exposure of experimental animals to a single chemical by a single route for a specified period of time (2) . However, exposures normally experienced by people in the vicinity of hazardous waste sites (HWS) may be characterized as complex exposures-involving multiple agents and multiple pathways and patterns of exposure dramatically different from those typically studied in toxicologic research (3) . Such exposures may affect atrisk populations because of elevated concentrations, enhanced toxicity resulting from interactions of different chemicals complex exposures, and possibly intrinsic physiologic sensitivity as well. For example, because the developing fetus is exquisitely sensitive to the effects of such chemicals at certain timecritical windows of exposure, certain adverse effects on the fetus may subsequently produce transgenerational effects (4 One of the ATSDR's primary goals is to identify people at health risk because of their exposure to environmental chemicals. Although this goal can be accomplished through the establishment of a cause-andeffect relationship between environmental pollutants and public health impairment (6) , causality in the face of complex exposures may be difficult to establish. In such cases a more realistic approach using weight-of-evidence evaluation as a surrogate for causality has been suggested (7) . This approach allows for a broader consideration of studies that investigate human health effects at HWS that may not establish a direct causal link to adverse health effects in exposed populations. Such a characterization of data should be kept in mind when considering studies of health effects at HWS. Earlier epidemiologic studies that were conducted to investigate health effects in communities around HWS failed to report statistically significant increases in adverse health effects (8) . However, recent investigations using metaanalysis techniques studied 593 HWS in 339 counties of 49 states, where the sole source of water supply was contaminated groundwater (9) . For each identified county, age-adjusted site-specific cancer mortality rates for 13 major cancer sites (anatomic) were extracted from U.S. cancer mortality and trends during 1950 to 1979 for white males and during 1970 to 1979 for white females (9) . Significant associations were found for cancers of the lung, bladder, esophagus, stomach, large intestine, and rectum for white males and for cancers of the lung, breast, bladder, stomach, large intestine, and rectum for white females. Because there were no exposure data on populations at risk of exposure to HWS contaminant releases, these findings should be interpreted with care.
Clearly, the array of complex exposures on which these generalizations are based compel a more in-depth consideration of the health effects for populations living in the vicinity of HWS. Such exposures may be responsible not only for obvious adverse health effects but also for compromised physiologic defenses that are rendered less effective in maintaining homeostasis. Cases of immunosuppression in both humans and animals for common agents such as asbestos, tobacco smoke, benzene, toluene, and various metals such as zinc and lead have been well documented. Exposures to such agents are usually concurrent. Injury, especially to the lung, by one agent will produce greater vulnerability to a second agent, such as cadmium chloride followed by inhalation of oxygen (10) . Figure 1 represents the spectrum of biologic response to pollutant exposure (11) . At low-level exposures human populations do not show any observable health effects; thus the chemicals remain as body burdens having no discernable effect on the overall health of the individuals. Physiologically, the body adjusts to the presence of chemicals at this level through adaptive mechanisms. As the pollutant exposure levels increase, some effects may be observed; but these effects, such as enzyme induction and certain biochemical and subcellular changes, may be of uncertain significance. The body may have compensatory mechanisms at this level of pollutant exposure (12) . However, as the levels of the pollutants increase, significant readily observable adverse effects may ensue. At these pollutant levels the body has exhausted its adaptive and compensatory mechanisms and its functioning could be compromised. Such adverse effects could lead to organ function impairment through compromise of physiologic processes, leading to pathophysiologic changes such as fatty changes and necrosis resulting in significant organ function impairment. Exposure to higher levels of pollutants than these levels could thus lead to morbidity and ultimately to death. Exposures from the multiple sources may cause some individuals to cross the threshold for adverse health effects in this continuum of effects. Considering that the human population is normally distributed and thus lacks homogeneity in biochemical characteristics, some fraction of the population will be more susceptible than others and some fraction could be hypersensitive. For these reasons a specific smaller fraction of the population may be hypersensitive to pollutant burdens and exhibit adverse responses to levels of exposure that may otherwise be considered low. (13, 14) . During the first 2 months of life, rapid development occurs in the brain (cell migration, neuron myelination, and creation of neuron synapses), lungs (developing alveoli), and bones (rapid growth and handling). Development of the brain and lungs continues until age 12, at which time gonad maturation, ova and sperm maturations, and breast development occur (15) . Depending on the chemical, the stage of growth and development may be a critical variable in evaluating the toxicity of HWS chemicals (16) .
Of particular concern are findings of recent studies that show associations between low-level exposures to hazardous chemicals and developmental effects or birth defects (17) (18) (19) . Broadly defined, developmental toxicity is any adverse effect on the developing organism from implantation through prenatal development or postnatally to the time of sexual maturation (20 (22) (23) (24) (25) (26) . Effects such as permanent abnormalities in neurobehavioral function, skin hyperpigmentation, decreased birth weight, and porphyrinuria were seen in infants exposed in utero and/or via breast feeding (27) .
Similarly, several outbreaks of mercury poisoning have been described around the world. In (30, 31) .
In Minamata, Japan, infants exposed in utero had severe brain damage resulting from their mothers' consumption of methylmercury-contaminated fish during pregnancy (32) .
Besides effects observed following high-dose exposures to chemicals in the environment, low-dose exposures may also be harmful. For example, a number of recent epidemiologic studies have demonstrated neurobehavioral impairment at low-dose exposure levels of lead that were once thought to be safe. Many of these studies have been reviewed elsewhere (17, 33, 34) . Reproductive effects of hazardous substances released from HWS have been extensively documented by health investigations. Several studies have examined associations between maternal residence near HWS and the occurrence of birth defects, low birth weight, and other reproductive outcomes (35) (36) (37) (38) .
It is important to realize that humans are exposed daily to many chemicals from multiple sources. Low-dose exposure to chemical mixtures may play an important role in developmental toxicology because of possible interactions among the components of the mixture. The ATSDR recognized these concerns and conducted or supported several studies that investigated low-level exposures and their correlation with developmental effects. Some of these studies reported on public drinking water contamination and birth outcomes (39, 40) , whereas others evaluated associations between HWS and birth defects (18, 37) .
Increased risk has been reported for neural tube defects (odds ratio [OR] = 2.1) and heart defects (OR= 4.2) for mothers living within one-quarter mile of a national priorities list (NPL) site in California (37) . The authors further found increased ORs for developmental effects in association with maternal residence within 1 mile of NPL sites containing selected chemical contaminants. For example, exposure to cyanides and pesticides was associated with neural Table 1 . Evidence of low birth weight from studies.a tube defects; exposure to lead, arsenic, chromium, and 1,1,-dichloroethylene was associated with heart defects. The authors did not find any correlation between development of oral cleft defects and waste site exposures. No direct measurement of waste site exposure was performed for the study. The risk reported for single chemicals may be biased because of actual exposure (i.e., to a mixture of compounds) from the waste sites. Further, the study did not control for other sources of exposure to chemicals (e.g., industrial emissions, agricultural pesticides, occupational exposure, etc.).
Birth weight reduction (OR= 5.1) associated with parental residence near a hazardous waste landfill in New Jersey has been reported (Table 1 ) (18) . Another finding was an increased risk for prematurity (OR= 2.1) in the exposed population ( Figure 2 ). The results pertain to a narrow time period (1971 to 1975) when it is believed the landfill exposure was the greatest (the whole study period was from 1961 to 1985). The authors related the magnitude of the effect to that of birth weight reduction due to cigarette smoking during pregnancy. The study did not control for other potential risk factors for low birth weight such as maternal health, cigarette and alcohol consumption during pregnancy, parental occupation, and parental socioeconomic status.
In a study investigating adverse pregnancy outcomes in relation to exposure to volatile organic compounds from drinking water at a U.S. Marine Corps base in North Carolina, no effects were seen in the exposed group as a whole (39) . In association with perchloroethylene exposure, two susceptible subgroups were identified: Small-for-gestational-age category was reported in mothers over 35 years old (OR= 3.9) and in mothers with histories of fetal death (OR= 1.6). In association with trichloroethylene (TCE) exposure, smallfor-gestational-age results were observed in male offspring (OR= 3.9). However, the (41) .
Quality ofLife
The ATSDR mission is "to prevent exposure and adverse human health effects and the diminished quality of life associated with exposure to hazardous substances from waste sites, unplanned releases, and other sources of pollution present in the environment" (6) . With respect to the ATSDR mission, the quality of life of persons exposed or potentially exposed to hazardous substances in the environment may be diminished at either end of the quality of life continuum (42) (43) (44) . The quality of life of people living in the vicinity of HWS may be diminished directly and concretely as a consequence of actual disease caused by exposure to hazardous substances, or indirectly as a consequence of the psychologic stress caused by individuals' perception of their (or their family's or community's) increased risk for disease occasioned by the exposure. Health assessors are asked to be aware of the importance the agency places on a site's impact on quality of life. In a public health context, sensory impairments, neurobehavioral concerns, and emotional wellbeing all contribute to the issue of quality (53) shows the number of those chemicals classified as toxic wastes continues to rise. Recent studies on the health effects of air pollution point to the increased awareness that air pollution as a mixture of chemicals must be addressed.
The components of this complex mixture may include ozone, sulfur dioxide, and total suspended particles (TSP), which may include brake dust, road dust, gasoline, diesel engine exhaust, incinerator emissions, and coal fly ash. Recent findings show a consistent association between air pollution and mortality. Of particular health significance is the TSP component of air pollution, which is itself a complex mixture (54) . Acute adverse respiratory effects of ozone exposure are also well documented in animal and human populations (55) (56) (57) .
The National Institute for Occupational Safety and Health has recently developed a national occupational research agenda that characterizes the national workforce (58) . Currently, about 125 million people are in the U.S. workforce. In less than a decade, this number will grow to 147 million' and the workforce will be older and more racially diverse. Further, more than half of the U.S. workforce is employed indoors and office and indoor job sectors continue to expand. Along with the trend toward an indoor nonindustrial workforce has been the increase in reports of symptoms and signs related to indoor air environments. These range from allergic and infectious diseases to nonspecific symptoms including headaches and eye irritations. Although the majority of health problems reported cannot be attributed to specific exposures, evidence suggests that multiple factors are involved, including microbiologic, chemical, physical, and psychologic/social stressors (58) . The exposures to personal agents in the environment are well known: Tobacco, prescription and nonprescription drugs, alcohol, herbal remedies, vitamins, and cosmetics add to daily incremental exposures to complex mixtures.
Completed Exposure Pathways
Although numerous chemicals might occur in the environment and be frequently encountered at HWS, not all are of actual public health concern (59, 60) . A method to identify chemical mixtures of actual public health concern has been linked to the concept of completed exposure pathways (CEPs) at various HWS (61) . A CEP evaluation consists of identifying and characterizing the following five elements: source of contamination, environmental medium, point of exposure, route(s) of exposure, and a receptor population (62) . A CEP occurs when the five elements of an exposure pathway link the contaminant ;source to receptor populations. Should a CEP exist in the past, present, or future, the population is considered exposed. A potential exposure pathway exists when one or more of the five elements are missing or if modeling is performed to replace real sampling data (e.g., modeled groundwater data using soil or other groundwater data levels). For fiscal year 1996 ATSDR investigators conducted health assessments at sites at which more than 111,550 people were exposed to site contaminants and more than 59,900 people were potentially exposed (6).
Completed Exposure Pathways at National Priority List Sites
An analysis conducted using the ATSDR comprehensive on-line hazardous substance release/health effects database (HazDat) (63) has shown that of approximately 1450 NPL sites evaluated, 530 (37%) had chemicals identified in CEPs. The total number of CEP incidents for the sites was 7244, or about 14 incidents per site. The exposure routes for these chemicals were as follows: 91% through groundwater, 46% through contaminated soil, and 14% through contaminated biota. These numbers are larger when potential CEPs are included in the analysis. The top five chemicals on the CEP site count report were TCE, lead, tetrachloroethylene, arsenic, and benzene (64) .
The ATSDR uses CEP data to develop toxicologic information databases, initiate health investigations, focus toxicologic research, and refine the agency's priority substance list. The ATSDR lists the chemicals to which people have been exposed at HWS; the agency included with the CERCLA Priority List of end points that would be affected; evaluate target organs that would be affected; study the mechanisms of action, progression, and repair; identify biomarkers (specific and generic) that would allow the determination of the health of an organism; and develop qualitative and quantitative health assessment methods for assessments of multiple health effects.
Trend Analysis
HazDat contains environmental contamination and other data from more than 3500 HWS or events with ATSDR activities for which ATSDR has conducted public health assessments, prepared health consultations, or provided responses to emergencies involving releases of toxic substances into community environments (63) . HazDat also contains information abstracted from the toxicologic profiles on more than 200 substances most frequently encountered at HWS. Different types of sites are encountered in the environment, such as landfills, municipal sites, incinerators, battery recyclers, solvent recovery, wood treatment, manufacturing, mining, and smelting. Thus, HazDat can be queried for information such as the kinds of contaminants released from HWS into various environmental media, the environmental media that are most affected by these contaminants, and the pathways by which people are exposed to the contaminants. The content and scope of HazDat allow for the development of different approaches to the listing of hazardous chemicals. A trend analysis has been performed to generate a frequency listing for the chemicals found at HWS. Using trend analysis, a comprehensive frequencies list has been generated that used data on all NPL sites in HazDat (63) . This initial list is being used as an indicator mixtures listing. This list provides chemicals most often found in various environmental media such as water, soil, or air. The chemicals are listed within each medium as two-, three-, and four-component mixtures. Plans are to create specific lists for various types of sites. Such lists can be refined through input on toxicity, concentration, and pathway completion to produce a priority mixtures list. Before such lists are finalized, potential for interaction can also be factored. Priority mixtures can be used for further research to understand the toxicology of chemical mixtures, including quantitative modeling of health effects and further experimental testing. Assessment Inherent in the data analysis component of the mixtures program is the process of hypothesis generation. When information is available on component chemicals and chemical mixtures, this systematic evaluation of data would permit the generation of hypotheses that can be tested and the identification of research needs. For individual chemicals the available literature on toxicity, mechanism of action, and interactions with other chemicals is critically reviewed, evaluated, and summarized in the toxicologic profiles. Likewise it is important to conduct similar reviews, evaluations, assessments, and summaries for priority mixtures, if data are available. As numerous studies have demonstrated, the evaluation of the joint toxicity of chemical mixtures is a formidable challenge and not a superficial modification of the single chemical methods (65) . Those challenges to the investigator are to confront the complexities involving chemical interactions, patterns of exposure, and toxicity with well-conceived research proposals; to the clinician, to identify appropriate biomarkers of exposure and disease resulting from low exposures to multiple chemicals; and to the health assessor, to apply biomedical judgment to the exposure scenarios at specific HWS.
Clearly, data gaps present the most immediate challenge to the health assessment and evaluation of chemical mixtures. These data gaps could exist in exposure, toxicity, or dose-response assessment aspects of the overall evaluation. In addition to performing critical reviews of available literature, hypotheses may also be formulated through the use of computational techniques such as structure-activity relationships (SAR), physiologically based pharmacokinetic (PBPK) modeling, and progressive integration of information, that is, binary-to-ternary-to-quaternary chemical mixtures (if possible).
These hypotheses will be subjected to experimental testing using in vitro or limited in vivo studies. 
Conclusion
Because site interventions ranging from education of people regarding their risks to site remediation require extensive time and human and monetary resources, it is imperative that the risks at HWS be accurately characterized. Agencies are increasingly using a decision framework that involves risk-based priorities with the objective of implementing prevention measures to protect the people potentially exposed to hazardous materials (68) . However, once the hazards have been accurately characterized, it is equally important that risks to public health be skillfully communicated. This phase of the intervention process is pivotal because the perception of risk is often not consistent with the real risks to public health (69) .
A critical element in producing accurate health assessments is the availability of relevant data. Often the public health assessment process is forced to rely on limited availability of adequate scientific information. Thus, in the public health assessment process an evaluation of complex exposures may devolve into an evaluation based on data derived from studies entailing time-weighted average exposures to single chemicals by single routes and short-term exposure scenarios (70) . Such evaluations are not able to address the potential for chemical interactions and the aggregate contribution to body burdens. Hence, ATSDR research is focused on the reduction of uncertainties resulting from the absence of critical data. An array of innovative tools that have been used successfully in pharmacology and medicine are increasingly finding acceptance in the health risk assessment community. These tools may allow for accurate assessments of the potential for adverse health effects from exposure to environmental chemicals and their mixtures, thereby leading to a reduction of uncertainty in the risk characterization process. Tools such as SAR modeling and PBPK/pharmacodynamic modeling can find utility in the decision-making process and the performance of risk characterization. The ATSDR is supporting work at a number of research and educational institutions as well as collaborating with industry to develop these methods into useful tools in the assessment of chemical mixtures and to facilitate their use in the mainstream of public health practice.
